migration cannot be attributed to abnormally short all double mutant combinations of bik1⌬ or bik1-CT⌬40 and the dynein pathway components, dyn1⌬ and pac1⌬, aMTs.
This domain mediates a dynamic association with MT plus ends termed "plus-end tracking" [27] [28] [29] . Another candidate for recruiting dynein to MTs is the CAP/Gly domain-containing microtubule-associated protein (MAP) CLIP-170 [28] , possibly when complexed with LIS1 [21, 23] .
In this paper, we describe the localization of the budding yeast dynein heavy chain at native levels and comprehensively characterize the effects of mutations in dynein regulators on the intracellular distribution of the dynein heavy chain. Our findings suggest an alternative model for controlling dynein-dependent MT-cortical interactions and spindle insertion in budding yeast.
Results

Dynein Heavy Chain Localizes to aMTs and Spindle Pole Bodies at Native Levels
As a first step toward characterizing the mechanism of dynein-dependent spindle positioning, we integrated three tandem copies of green fluorescent protein (GFP) at the C terminus of the DYN1 locus. The resulting fusion (DYN1-3GFP) was fully functional (Experimental Procedures). Dyn1-3GFP was readily detectable: it displayed a dot-like signal observed at or near spindle pole bodies (SPBs) and on aMTs, particulary aMT plus ends ( Figure  1 ). The discontinuous localization of Dyn1-3GFP to specific MT substructures contrasts with the even distribution of overexpressed Dyn1-GFP along aMTs [30] . Dyn1-3GFP localized to one or both SPBs in the majority of wild-type cells (Figures 1 and 2A) . Consistent with previous work, we also observed a bias for dynein localization to the bud-proximal SPB in preanaphase cells; this may be explained by a lag in the nucleation of aMTs from the newly formed SPB [6].
Dyn1-3GFP was frequently observed concentrated at 3GFP is targeted to aMT plus ends and revealed that it remains associated with the MT plus end during both polymerization and depolymerization of the MT ( Figure  C- migration cannot be attributed to abnormally short all double mutant combinations of bik1⌬ or bik1-CT⌬40 and the dynein pathway components, dyn1⌬ and pac1⌬, aMTs.
We directly compared the genetic interactions and were viable and failed to display an additive growth defect at any temperature tested (see Table S1 in the mitotic defects in strains lacking Bik1p or the Bik1p cargo binding domain to those lacking Dyn1p. All double Supplementary Material). Additionally, bik1⌬ and particularly bik1-CT⌬40 strains displayed nuclear migration mutant combinations of bik1⌬ or bik1-CT⌬40 and the "Kip3 pathway" components, kar9⌬ or bim1⌬, were invidefects similar to dyn1⌬ strains. In bik1⌬ strains, 53% of anaphase cells displayed elongated spindles within able or displayed a severe synthetic growth defect (see Table S1 in the Supplementary Material). By contrast, the mother cell at 30ЊC, and 27% of anaphase cells Figure 6A) . Concomitant with the increase in Dyn1-3GFP aMT plus-end labeling in dynactin mutants, we also observed a decrease in SPB labeling ( Figure 6A ). An example of the distribution of the fluorescence intensity of Dyn1-3GFP along an aMT in a nip100⌬ and control strain is shown in Figure 7B . This increase in dynein accumulation to aMT plus ends was specific to anaphase and not observed in G1 or preanaphase cells ( Figure 6A ). This pattern of Dyn1-3GFP localization is in sharp contrast to that observed in bik1-CT⌬40 and pac1⌬ mutants where Dyn1-3GFP signal was reduced but, when observable, was primarily at the bud-proximal SPB (Figure 2) , suggesting that the effect is specific. Furthermore, by examining double mutants, we found that the prominent aMT plus-end localization of Dyn1-3GFP in anaphase nip100⌬ cells was lost if these strains also contained the bik1⌬, bik1-CT⌬40, or the pac1⌬ mutations ( Figure 6 
and data not shown). This suggests that aMT plus-end localization of Dyn1-3GFP in dynactin mutants is dependent upon Pac1p or the Bik1p cargo binding domain and that dynein is targeted to the aMT plus ends in nip100⌬ cells by the same mechanism as in wild-type cells.
To determine whether a compromised dynein motor had the same effect on dynein localization as the loss of dynactin, we studied the localization of a series of dynein mutants bearing alterations in the P loops of the motor domain. The highly conserved first P loop domain of dynein is the principal site of ATPase activity [33, 34] . The remaining P loop domains are required for overall activity of the dynein motor and have been demonstrated to bind nucleotide in axonemal dynein, yet their role in cytoplasmic dynein motor activity remains unclear [34] . We found that a dyn1 mutant containing a deletion of the second P loop behaved like a null allele, as evidenced by its nuclear segregation defect and genetic interactions (see Supplementary Materials). This mutant protein (Dyn1-⌬P2-3GFP) was significantly con- Figures 6 and 7) . In fact, loss of Num1p resulted in the most dramatic increase in dynein at anaphase aMT aMTs, and those that, during anaphase, result in accumulation of dynein at the plus ends of aMTs. We suggest plus ends that we observed (11-fold intensity increase in comparison to the wild-type control, p Ͻ 0.001 by a that the first class of regulators, Bik1p and Pac1p, are required to recruit dynein to aMT plus ends, and that Student's t test; Figure 7A ). The increased aMT plusend localization of Dyn1-3GFP in num1⌬ anaphase cells the latter class may be required to promote dynein motor activity, processivity, and/or the transfer of dynein to was lost if these strains also contained the bik1⌬, bik1-CT⌬40, or the pac1⌬ mutations (similar to nip100⌬ bik1-the region of cortical contact. Surprisingly, the latter class not only includes dynactin, which is known to CT⌬40 result in Figure 6 and data not shown) . Furthermore, a nip100⌬ num1⌬ double mutant displayed a simipromote dynein processivity [16] is recruited to the plus ends of MTs. We found that Bik1p these species-specific differences; however, in Glued -related proteins have also been suggested to link dynein to MT plus ends [27] . Surprisingly, loss of the SPBs in these cells. Third, an inactivating mutation in a dynein P loop domain also enhanced dynein localNip100p did not diminish MT-association of dynein, but in fact caused enhanced Bik1p-and Pac1p-dependent ization to aMT plus ends. These findings suggest that dynactin promotes the ability of dynein to translocate localization of dynein to aMT plus ends in anaphase. Therefore, at least in budding yeast, Nip100p does not from the plus end of an aMT to the minus end (SPB). Additional levels of control on the rate of recruitment of appear to play the major role in recruiting dynein to aMT plus ends. dynein to the MT plus end, on dynein motor activity, or on the activity of dynactin may also exist. Cell cycle There are differences in the apparent role of LIS1-related proteins in different systems. First, LIS1-related regulation at any of these levels might account for our finding that in dynactin mutants we primarily see dynein proteins have also been implicated in recruitment of dynein to the cell cortex in some cell types [19, 20] . One accumulation at aMT plus ends during anaphase. There are important unanswered questions regarding way to reconcile our findings with this previous work is to postulate that the plus ends of aMTs deliver LIS1 to yeast dynactin that are relevant to our model. The first question is whether there is a substantial pool of dynacthe cell cortex in these cells. If this explanation is correct, then (at least in the Drosophila oocyte), once delivered tin at aMT plus ends. Based on localization of dynactin in other systems, it seems likely that some amount of to the cortex, LIS1 must interact stably with a cortical component, because LIS1 cortical localization is not lost yeast dynactin is at aMT plus ends [ affected dynein SPB localization during anaphase, and therefore we favor the idea that in the absence of dynac-
